ABSTRACT: The refractive index (RI) dictates interaction between light and nanoparticles and therefore is important to health, environmental, and materials sciences. Using nanoparticle tracking analysis, we have determined the RI of heterogeneous particles <500 nm in suspension. We demonstrate feasibility of distinguishing silica and polystyrene beads based on their RI. The hitherto unknown RI of extracellular vesicles from human urine was determined at 1.37 (mean). This method enables differentiation of single nanoparticles based on their RI.
T he refractive index (RI) of nanoparticles is an indispensable property in a wide range of applications and studies but is difficult to measure. 1 The RI depends on the wavelength and is defined as the ratio of speed of light in vacuum to speed of light in the material. It relates light scattering to the size, shape, and chemical composition of a nanoparticle 2 and it defines the magnitude of the optical force that an electromagnetic field exerts on nanoparticles. 3, 4 Because the RI is related to the chemical composition of the particle as well, determination of the RI can also be utilized to differentiate between different components of samples. For example, in atmospheric particulate matter, pollen (RI ≈ 1.53) 5 could be distinguished from cement dust (RI ≈ 1.70) 6 and fly ash (RI = 1.55−1.60). 7 In clinical samples, it may be possible to distinguish vesicles from similar-sized lipoproteins (RI = 1.45−1.60), 8 which are abundantly present in blood. 8 Potential differentiation of other nanoparticles by RI include soda lime, borosilicate, calcium carbonate, aluminum oxide, aluminum silicate, diamond, gold, nickel, poly(methyl methacrylate) (PMMA), polytetrafluoroethylene (PTFE), bacteria, viruses, and yeast. Finally, the transfer of the optical properties of bulk to particle is not always straightforward. For example, for gold nanoparticles the choice of dielectric function is still not fully clear, resulting in differences in the prediction of the scattering properties of gold nanorods. 9 Thus, the RI dictates the interaction between light and nanoparticles in diverse applications spanning environmental science (e.g., the effect of aerosols on climate 10, 11 or the carbon content of plankton 12 ), health (drug delivery, 13−15 nanotherapy, 16 imaging contrast, 17 or photodynamic therapy 18, 19 ) , and materials science (nanoparticles in paint 20, 21 or solar cells 22 ). Table 1 shows the capabilities of current techniques for determining the RI of particles. For polydisperse particles with homogeneous RI, the most applied technique is RI matching the medium to the particles. 23, 24 However, RI matching cannot be applied to particles of biological origin due to osmotic effects. Moreover, a sample with heterogeneous RI analyzed with a technique suitable only for homogeneous RI may result in artifacts. For monodisperse particles of known size and concentration, the RI can be determined by measuring the optical extinction coefficient of multiple particles simultaneously. 11, 25, 26 Sorting on size may allow these techniques to determine the RI of polydisperse particles. However, size-based fractionation of particles <500 nm is difficult and may introduce artifacts. 27 For samples with heterogeneous RI and unknown size distribution, the RI can be derived from single particles by measuring angle or wavelength resolved scattering, Fraunhofer diffraction, or the stiffness of an optical trap. 1,28−35 These techniques, however, have only been applied to particles >500 nm. Thus, currently no method is capable of determining RI of single nanoparticles (<500 nm) in suspension.
Consequently, the RI of extracellular vesicles <500 nm, such as exosomes, is unknown. Extracellular vesicles are biological nanoparticles that are released by cells to transport waste and exchange intercellular messages, such as DNA, RNA, or surface receptors. 36 Body fluids, but also seawater, contain typically 10 5 to 10 10 of these vesicles per mL. 37−40 Because most vesicles have specialized functions and contribute to homeostatic processes, clinical applications of vesicles are in development. 36 Figure 1A shows a transmission electron microscopy (TEM) image of vesicles from human urine (see Supporting Information). Urine contains a relatively high concentration of vesicles with low contamination of similar-sized non-cell- derived particles. 41 Figure 1B shows the particle size distribution (PSD) of urinary vesicles based on TEM data. The PSD ranges from 25 to 485 nm with a mode diameter of 45 nm. The small size and large heterogeneity of vesicles are characteristic of biological fluids and hamper their detection. 39 Please note that other biological fluids, such as blood, contain many components <1 μm with different RI, including protein aggregates (RI = 1.59−1.64), 8, 42 lipoproteins (RI = 1.45− 1.60), 8 and viruses (RI = 1.52−1.57). 43, 44 Currently, various optical techniques, such as flow cytometry, nanoparticle tracking analysis (NTA), and Raman microspectroscopy, are employed and improved to study vesicles in suspension. 37, 41, 45, 46 An essential property in these studies is the RI of vesicles. For example, RI determines the smallest detectable vesicle in NTA and flow cytometry, RI determines the smallest vesicle size that can be trapped with Raman microspectroscopy, and RI determines the relationship between size and scatter in flow cytometry. 39 In flow cytometry, the RI of vesicles has (accidentally) been assumed to be similar to polystyrene beads. This resulted in a gating strategy that selected vesicles with diameters from 800 to 2400 nm, rather than the intended 500−900 nm. 45 The aim of this work is to develop a method to determine the RI of single nanoparticles in suspension and, as a proof of principle, apply the method to estimate the RI of extracellular vesicles.
We have determined the RI by independently measuring diameter and light scattering power of individual particles with NTA and solving the inverse scattering problem with Mie theory. Figure 2A schematically depicts the operating principle of the NTA. We visualized scattered light from particles illuminated by a 45 mW 405 nm laser by a dark-field microscope (NS500, Nanosight, U.K.). Because of Brownian motion, each particle moved randomly through the suspension. We used the trajectory of each particle in the lateral direction relative to the microscope objective to determine the diffusion coefficient, which we related to the particle diameter via the Stokes−Einstein equation. 37, 38, 47 Because the detected scattering power depends on the axial position of a particle, which changed due to Brownian motion, the detected scattering power fluctuated. Figure 2B shows a typical measurement of the scattering power versus time for a polystyrene bead with a diameter of 203 nm. Because we focused the objective onto the optical axis of the laser beam, the maximum scattering power was measured when the particle was in focus. To derive the RI, we described the measured (maximum) scattering power P from particles in focus by the theoretical scattering cross section σ Mie from Mie theory 2 using the measured particle diameter as input to the calculation. Mie theory, extensively described by Bohren and Huffman, 2 provides an analytical solution of Maxwell's equations and describes light scattering of spheres of all size parameters. However, Mie theory does not reduce these variables to a single equation, since the solution to Maxwell's equations are an infinite series expansions of the electromagnetic fields. We use the Matlab Mie scripts of Maẗzler 48 to calculate the infinite series and obtain the amplitude scattering matrix elements, which describe the relation between the incident and scattered field amplitudes of a sphere. Our model incorporates particle diameter and RI, RI of the medium, and wavelength, polarization, and collection angles of the microscope (see Supporting Information).
To calibrate the NTA Instruments, we measured the scattering power of polystyrene beads P PS of known size and calculated the scattering cross section of polystyrene spheres σ Mie PS . The RI of bulk polystyrene is 1.633 at 405 nm. 49 We measured P PS for monodisperse populations of beads (Nanosphere, Thermo Fisher, MA) with a mean diameter of 46, 102, 203, 400, and 596 nm and a concentration of 10 8 beads·mL −1 . For each diameter, five videos of 30 s were captured with NTA v2.3.0.17 software (Nanosight) and at least 100 particles were tracked. Because the scattering power of the beads differs more than 3 orders of magnitude, each sample required different camera settings (see Supporting Information) to prevent pixel saturation. The videos contain 8-bit images of 640 by 480 pixels, which were processed with scripts by Blair and Dufresne 50 in Matlab (v7.13.0.564) to track the particles (see Supporting Information). From the trajectory of each particle, we calculated the mean square displacement and diffusion coefficient and related it to particle diameter via the Stokes− Einstein equation. Furthermore, the script determined the maximum scattering power of each particle within its trajectory and corrected for the applied shutter time and camera gain. An increase in minimum tracklength increases the precision of the measured diameter and scattering power but also reduces the number of analyzed particles. After the analysis described in the Supporting Information, we required a minimum tracklength of 30 frames. We performed all measurements at 22.0°C and assumed a medium viscosity of 0.95 cP. To take into account the illumination irradiance and transmission efficiency, the median of P PS was scaled onto σ Mie PS by a least-square fit. The resulting scaling factor is 0.067, which is a property of the instrument that we will use throughout this letter to scale P to σ. Figure 3 shows P PS and σ Mie PS versus particle diameter. The data and theory show good agreement with a coefficient of determination R 2 = 0.997.
To validate our approach, we have measured the scattering cross section of monodisperse populations of silica beads (Kisker Biotech, Germany) with a diameter of 89, 206, 391, and 577 nm and a concentration of 10 8 beads·mL −1 , as shown in Figure 3 . Since the RI of silica beads (RI Si ) is not exactly known, we performed a least square regression to fit the scattering cross section of silica beads σ Mie Si to the data. We found a RI Si of 1.432, which is in between 1.43 and 1.45 of previous estimates, 1, 51 confirming that NTA can be used to determine the RI of nanoparticles. To further validate the method, we determined the PSD and RI distribution of a mixture of 203 nm polystyrene beads and 206 nm silica beads with a concentration of 10 8 beads·mL −1 for both populations. We captured 20 videos of 30 s to track at least 1000 particles. Data were processed as described above. Figure 4A shows measured σ versus bead diameter. Each dot represents a single particle, and two populations of beads are clearly discernible. As a reference, the gray lines show σ Mie for seven RIs between 1.35 and 1.65. Figure 4B shows the bead mixture PSD obtained by NTA fitted by a Gaussian distribution, which resulted in a size of 213 ± 25 nm (mean ± standard deviation). As a reference, the vertical bar shows the diameter of the silica beads determined by transmission electron microscopy (TEM), which is 206 ± 18 nm. We attribute the overestimation of the mean diameter to the uncertainty in the measured diffusion coefficient and to the difference between the hydrodynamic diameter measured by NTA and the physical diameter measured by TEM. Figure 4C shows the RI distribution of the bead mixture and a fit of two Gaussian distributions. We could clearly distinguish silica beads from similar-sized polystyrene beads. We obtained an RI Si of 1.447 ± 0.021 (mean ± standard deviation), which is close to 1.432 as derived from Figure 3 and in between 1.43 and 1.45 of previous estimates. 1, 51 For the RI of polystyrene beads (RI PS ) we obtained 1.665 ± 0.046, which is between 1.59 and 1.68 of previous estimates.
11 ,49 Previous estimates with other techniques resulted in standard deviations of RI PS between 0.011 and 0.027, 1, 11, 26 which is lower than our result. However, those techniques could not detect single particles <500 nm, and could not detect heterogeneous RI. The precision of RI PS measurements with NTA is approximately 2-fold larger than literature values. We expect that the precision of RI will be reduced for particles with a lower RI than polystyrene, as σ becomes more dependent on the RI for such particles. This may partly explain why the standard deviation of RI Si was 0.021. Moreover, because the standard deviation of the diameter scales with 1/tracklength 1/2 , 52 increasing the tracklength will reduce the standard deviation of the diameter, σ and RI. Technical modifications required to increase the tracklength without reducing the number of particles tracked are feasible but require extensive modifications to the hardware. 53 As a proof of principle, we applied NTA for the determination of the RI of urinary vesicles from a healthy male individual. After collection, urine was centrifuged twice (50 mL, 4°C, 10 min, 180g; and 20 min, 1550g) to remove cells and diluted 100-fold in 50 nm filtered (Nucleopore, GE Healthcare, IL) phosphate-buffered saline (PBS). Figure 5A shows σ versus the diameter of urinary vesicles measured by NTA. We captured 20 videos of 30 s to track at least 1000 vesicles. Because the scattering power of the vesicles differs more than 3 orders of magnitude, we used three different camera settings: gain 100, 350, and 470. The gains were selected such that the range of detectable scattering cross sections overlapped. Data processing was performed as described above. The gray lines again show the relationship between σ and the diameter for seven RIs between 1.35 and 1.65, taking into account that the RI of PBS is 0.002 higher than the RI of water. 54 Figure 5B shows the measured PSD of urinary vesicles. The PSD ranges from 45 to 865 nm with a mode diameter of 115 nm. Similar to TEM, the right-hand side of the PSD shows a decreasing concentration with increasing diameter, but vesicles smaller than ∼100 nm are below the detection limit for the settings used. Figure 5C shows the measured RI distribution of urinary vesicles with a mean RI of 1.37. The RI of urinary vesicles is lower compared to a previous estimate of plasma vesicles >500 nm, which have an RI distribution ranging from 1.34 to 1.50 with a peak at 1.40. 31 However, in contrast to urine, plasma of nonfasting subjects contains chylomicrons, 37 which are lipoprotein particles with an RI between 1.45 and 1.60. 8 In addition, plasma vesicles may differ in composition from urinary vesicles. Moreover, our The true RI of vesicles may differ from our estimate for four reasons. First, the scaling factor that relates scattering power to σ is obtained with polystyrene beads for which the RI uncertainty is 2.7%. 11 Second, the heterogeneous sample required different camera settings. Therefore, we have corrected detected scattering power for nonlinear camera gain response, which may change over time. Third, NTA determines the hydrodynamic diameter and therefore overestimates the physical diameter of a particle. Because σ increases with diameter for particles <200 nm, an overestimation of the particle diameter causes an underestimation of the RI. Fourth, we have modeled vesicles as spheres with a uniform RI distribution. In practice, however, a vesicle consists of a low RI core enclosed by a several nm thick phospholipid shell with an RI of 1.46 ± 0.06. 56, 57 With Mie theory, σ of a shelled particle can be analytically described. Oscillations of σ as a function of the diameter are likely to shift for a shelled particle compared to a solid particle, which warrants further investigation, since such a shift should be measurable with NTA.
In conclusion, we have demonstrated the first use of NTA to determine the RI of individual nanoparticles in suspension. A major advantage of this single particle RI determination over bulk RI measurements is that this method will give accurate RI measurements even if particles with different RI are present in the sample. Further, this method may be applied to differentiate between populations in a sample based on RI. We found that the mean RI of extracellular vesicles <500 nm is 1.37 at 405 nm. This hitherto unknown property of vesicles is essential to data interpretation and standardization of clinical research on vesicles. We expect that determination of the RI of nanoparticles with NTA will become an important tool in biomedical diagnostics, materials science, and oceanography, as well as other fields where the optical characterization of nanoparticles is of critical importance.
Transmission electron microscopy of urinary vesicles, light scattering calculations, camera settings, and particle tracking parameters. This material is available free of charge via the Internet at http://pubs.acs.org. 
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